Are the electrospray mass spectra of proteins related to their aqueous solution chemistry?  by Guevremont, Roger et al.
Are the Electrospray Mass Spectra of Proteins 
Related to Their Aqueous Solution Chemistry? 
Roger Guevremont, K. W. M. Siu, J. C. Y. Le Blanc*, and S. S. Berman 
Institute for Environmental Chemistry, National Research Council of Canada, Ottawa, Ontario, Canada 
The shape of the protie described by the relative abundances of multiply charged ions of 
proteins in the electrospray mass spectrum can be described by means of one or more 
Gaussian functions. An aqueous solution equilibrium model of the distribution of multiply 
charged ions of equine cytochrome c and myoglobin has been shown to match qualitatively 
the shape of the distribution of these ions in an electrospray mass spectrum. Monotonic 
functions such as the quadrupole mass spectrometric transmission efficiency may alter the 
centroid of the profile, but the shape of the ion abundance pattern appears to be controlIed 
by the aqueous solution chemistry of the proteins. (J Am Sot Mass Spectrom 1992, 3, 216-224) 
I n the late 196Os, Dole and co-workers [l, 21 de- scribed the formation of gas-phase ions when a liquid was sprayed out of a capillary held at high 
voltage, into a zone of high electrical field. Since that 
time, the efforts of Fenn and co-workers [3-61 in this 
research area have led to the development of electro- 
spray mass spectrometry. Instrumentation for electro- 
spray quadrupole mass spectrometry is now commer- 
cially available as a result of the work of Iribarne, 
Thompson, and their colleague [7-91, Covey et al. 
[10], and Fenn and co-workers [6, 111. More recently, 
methods of introduction of electrospray ions have 
been developed for sector mass spectrometers [12-141. 
Electrospray ionization holds considerable poten- 
tial for measurement of the molecular masses of large 
biological molecules [6, 10, 111. In addition, recent 
work by Kebarle and co-workers [15, 161 suggests 
that, in the future, significant new activities in the 
areas of organic and inorganic electrospray mass spec- 
trometry will develop. 
Most of the reports dealing with electrospray have 
suggested mechanisms of ion formation. It is gener- 
ally believed that the ions exist, preformed in solu- 
tion, and are subsequently “evaporated“ into the gas 
phase. This suggests, therefore, that the mass spec- 
trum should reflect the aqueous solution chemistry 
within the droplet as ion desorption proceeds. This 
has been further supported by recent reports showing 
that the electrospray spectrum reflects the conforma- 
tion of proteins in solution [17-191. The difficulty in 
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achieving a quantitative comparison between the elec- 
trospray spectrum and the solution chemistry is that 
the specific chemical state of the droplet is unknown 
during the critical moment of ion formation [7, 8, 11, 
201. 
In this report, we take the position that, although 
the exact aqueous solution state of the droplet (pH, 
temperature, solvent composition, etc.) is unknown, 
it is possible to compare the distribution of the ions of 
protein in aqueous solution qualitatively with the se- 
ries of multiply charged ions observed in the electro- 
spray mass spectrum. A protein exists in solution in a 
distribution of charge states. This distribution de- 
pends on solution properties, particularly pH. Fur- 
thermore, this distribution depends on the pKa’s of 
the acidic and basic amino acids in the protein. The 
question we pose in this report is whether, despite 
the changes in the aqueous solution during formation 
of droplets, the ion abundance distribution in the 
electrospray spectrum resembles the distribution of 
preformed multiply charged protein ions in the bulk 
aqueous solution. A more extensive comparison 
should be possible in the future, assuming that a 
detailed model of the solution chemistry of the 
droplets can be proposed. 
We will also consider whether known (or un- 
known) factors may act in such a way to signihcantly 
modify the ion abundance distribution. A function 
that could modify, but not necessarily disguise, the 
original ion abundance pattern is the mass-dependent 
transmission efficiency of the quadrupole mass spec- 
trometer. Factors that may modify the distribution 
include gas-phase reactions [15, 161 or desolvation 
processes which would lead to a change of mass, 
charge, or both. The efficiency of electrospray ion 
formation may be dependent on factors such as the 
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charge to mass [ll] (or perhaps charge to volume) 
ratio of the particular ion. Such functions, irrespective 
of their chemical/physical origin, would mathemati- 
cally consist of ion “formation efficiency envelopes,” 
and would be superimposed upon the other functions 
described above. 
units [21]. The measurements reported here have not 
been corrected for this effect. 
Results and Discussion 
The electrospray mass spectra of proteins are charac- 
terized by a series of multiply charged ions. Assum- 
Experimental ing that the compound (i.e., electri&lly neutral) mass 
is M, the mass to charge ratio of these ions is de- 
Electrospray experiments were performed by using a 
TAGA 6000E (SCIEX Inc., Thornhill, Ontario, Canada) 
triple quadrupole mass spectrometer. The system has 
an upper mass range of m/z 1400. With the scans 
appropriate for the present work, the instrument per- 
forms measurements at integral mass steps. To ensure 
reliable measurement of relative ion abundance data 
in complex spectra, the mass resolution was de- 
creased from unit mass resolution to the extent that 
two or more measurements were taken near the apex 
of every peak. 
Samples were continuously infused at a rate of 20 
pL/min through a lOO-pm i.d. stainless steel capillary 
held at 3.5 kV. Stable operation of electrospray was 
achieved with the needle - 1.5 cm from the instru- 
ment orifice, and with a measured stable current of 
between 20 and 50 nA flowing between the needle 
and the system ground. At pH above 5, and ionic 
strength below 0.0001, electrospray signals were en- 
hanced with the electrospray needle located at greater 
distances from the mass spectrometer orifice. 
Data acquisitions considered in this work were run 
in replicate, and the experiments were then repeated 
over a duration of 2 months. During this time, the 
relative abundances of ions within the spectra were 
observed to be relatively independent of mass spec- 
trometer operating conditions. The spectra collected 
agree very well with uublished sue&a. 
- Cytochrome c (hdrse heart, k-2506 type III) and 
myoglobin (horse skeletal muscle, M-0630) were ob- 
tained from Sigma Chemical Co. (St Louis, MO). 
Cytochrome c samples (20 bg/mL) were prepared to 
cover various pH ranges: from pH 2.5 to pH 3.6 with 
HCl, from pH 2.8 to pH 3.5 with formic acid, and 
from pH 3.5 to pH 3.9 with acetic acid. Each of these 
cytochrome c solutions was in turn diluted to yield a 
series of five samples from 30% to 55% methanol by 
weight. 
scribed by (M + c)/z, where the charge on the ion is 
2 = 1,2,3, . . . , etc., and c is the total mass of the 
cations (e.g., protons) that impart the total charge z 
to the ion via cation addition [6]. The mass to charge 
ratio separation between these ions is not constant 
and gives the ions an appearance of being more closely 
spaced at higher charge (i.e., at lower mass to charge 
ratio). This has the effect of giving the ion relative 
abundance pattern a slightly skewed appearance. A 
similar abundance plot using z as the x-axis yields a 
relative abundance profile with a symmetrical distri- 
bution. 
Proteins exist in an acidic solution as a series of 
multiply charged protonated ions. In this report we 
consider whether there is a correlation between the 
distribution of preformed ions in bulk aqueous solu- 
tion (for lack of information about the droplet chem- 
istry) and the distribution of multiply charged ions 
observed in electrospray mass spectra. The following 
discussion will frrst deal with the mathematical as- 
pects of the shape of the ion abundance pattern (fitted 
to a Gaussian distribution), and then attempt to com- 
pare that pattern with the aqueous acid-base chem- 
istry of proteins. 
Mathematical Analysis of the Electrospray Ion 
Abundance Pattern (Gaussian Model) 
The electrospray ion abundance pattern Z(z), for ex- 
ample, that of cytochrome as shown in Figure la, can 
be described by the normalized Gaussian distribution 
function: 
-U/2)l(~-P)‘/~21 
(1) 
Similarly, three series of myoglobin solutions (20 
rg/mL) were prepared: from pH 2.9 to pH 3.7 with 
HCl, from pH 2.7 to pH 3.3 with formic acid, and 
from pH 3.2 to pH 3.6 with acetic acid. In turn, each 
solution was diluted to yield a set of four samples 
ranging from 30% to 50% methanol by weight. 
The pH measurements were taken with a standard 
glass electrode standardized with aqueous solutions. 
The pH measurement error introduced by changes in 
the liquid junction potential and hydrogen ion activity 
coefficient when such measurements are taken in a 
solution of 50% methanol by weight is - 0.13 pH 
where z is the ionic charge, p is the mean charge, and 
u is the width of the function. 
The mean charge p on a protein, is a function of 
pH. Equation 1 may be used to descrii the electro- 
spray ion abundance profile throughout the experi- 
mental conditions used in this work. The Gaussian 
profile with ~1 of 17.3 matches (least squares fit) a 
cytochrome c spectrum acquired from an HCl solution 
of pH 3.0, whereas p of 15.6 fits a spectrum acquired 
from an acetic acid solution at pH 3.9. At low pH the 
width (T, of the abundance profile, is a constant. Table 
1 includes the mean and width parameters, which 
give good fits of the Gaussian function to the electro- 
spray of cytochrome c. These calculations are based 
on the electrospray spectra shown in Figure 2 (how- 
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Figure 1. Elechospray mass spectrum of (a) cytochrome c, pH 
3.0 with HCl, 50% MeOH, and (b) of myoglobin, pH 2.9 with 
HCl, 50% MeOH. 
ever, the calculated Gaussian prohles are not shown 
in this figure). 
The ion abundances pattern of myoglobin (Figure 
lb and Figure 3) is somewhat more complex than that 
of cytochrome c. It is apparent that the prohle is 
composed of at least two superimposed Gaussian 
functions. Previous work with myoglobin has also 
revealed a shoulder on the high mass to charge ratio 
side of the profile [22]. 
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Several ion abundance patterns for myoglobin are 
illustrated in Figure 3. These profiles were fitted (least 
squares) to a Gaussian function using parameters 
summarized in Table 1 (the curves are not shown in 
Figure 3). Under some experimental conditions the 
ion abundance profiles can be best described as the 
sum of two Gaussian functions, each having their 
own mean charge values pa, and pb, and their own 
values of u. The series of profiles can be described by 
variation of the values of p and the relative weights 
which the two functions contribute to the profile. 
The Gaussian function in this case has a purely 
descriptive mathematical role: (1) it requires two pa- 
rameters to describe each experimental spectrum, and 
(2) it provides no insight into the physical or chemical 
origin of the electrospray spectrum. 
Aqueous Solution Chemistry of Proteins at Low pH 
Cytochrome c has 24 basic amino acids (lysine, argi- 
nine, histidine, and amino terminus acetylated), and 
15 acidic (carboxylic acid) sites [23], including the 
carboxyl terminus and the two propionic acids on the 
heme group (but not including amino acids contain- 
ing -CONH, side chains). It is believed that the iron 
within the heme group is coordinated to a histidine 
and methionine residue [24]. Since the heme group is 
covalently linked to the protein through cysteine 
residues, the heme remains linked to cytochrome c 
even at low pH and in the presence of methanol. We 
will assume that the heme-bound histidine can be 
protonated within the pH range considered here; thus 
the total number of available bases in cytochrome c 
will be taken to be 24. It has been suggested that the 
total charge may be +25 [25] if the oxidation state of 
the heme iron is taken to be +3. 
In aqueous solution, at the isoelectric point of this 
protein (pH 10.65), the species has no net electric 
charge. In other words, all of the acidic groups (15) 
are negatively charged and an equal number (15) of 
the basic groups are positively charged. 
As the pH is lowered from the isoelectric point, the 
protein will pass through two distinct regimes. From 
Table 1. Electrospray ion abundances of multiply charged protein ions: 
A comparison of aqueous solution and Gaussian distribution models 
Experimental Gaussian modela Solution equilibrium model 
Protein Data set Acid PH iJaa 4 F(b ub blab PH ~Kint,= PK;.,~ bla 
Cytochrome c A HCI 3.0 17.3 1.99 - - - 3.10 4.0 - - 
6 acetic 3.9 15.6 2.08 - - - 3.35 4.0 - ~ 
C acetic 4.7 12.1 1.3 - - - 3.90 4.0 - - 
Myoglobin D HCI 2.9 22.2 2.0 - - ~ 2.80 3.8 - - 
E formic 2.9 22.8 2.13 17.7 2.4 0.26 2.75 3.8 3.25 0.25 
F acetic 3.8 21.5 2.5 16.7 2.2 0.47 2.84 3.8 3.35 0.60 
G HCI 4.0 18.5 1.5 15.3 1.1 0.47 3.22 3.8 ~ - 
‘P and Q are the mean charge and width of the Gaussian function, respectively. 
bb/a, weighting factor. 
‘Intrinsic PK,,~_ from titration data, pKinr,, dlscussed in text. 
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Figure 2. Ion abundance profdes of multiply charged cy- 
tochmme c: Experimental conditions corresponding to each data 
set and the parameters (acid-base solution equilibria) used to 
calculate theoretical proties are shown in Table 1; plots a, b, 
and c correspond to data set A, B, and C, respectively. (A) 
Experimental results; (+) profiles calculated by means of the 
acid-base equilibrium model. 
the isoelectric point to pH 5, all of the net positive 
charges which the compound acquires will be attach- 
ment of protons to basic amino groups. However, in 
the region of pH 4 to pH 5 the last of the basic amino 
acids (including histidine) will be protonated [26, 271. 
At this point all of the acidic groups will be anionic 
(contributing - 15 charges to the protein), and all of 
the basic groups will be protonated and positively 
charged (contributing +24 charges). The protein will 
have a net charge of +9. This is not the maximum 
charge that cytochrome c can acquire. 
The second regime occurs below pH 5. In this pH 
region the addition of protons to the carboxylic acids 
controls the net charge on the species in aqueous 
solution. For example, all of the basic groups of cy- 
tochrome c are protonated (+ 24 charges) and any 
further increase in the net positive charge of the 
aqueous species requires protonation of some of the 
15 acidic groups (i.e., neutralization of the negative 
COO- groups). At pH below 1.5 (if the protein does 
not undergo primary structure degradation) the last of 
the carboxylic acids may be protonated, and the com- 
pound could in theory reach the ultimate +24 (or 
+25) net charges. 
In considering the aqueous solution chemistry of 
these compounds below pH 5, we may, therefore, 
disregard the basic amino acids, and concern our- 
selves only with the protonation of the carboxylic acid 
groups. The addition of the first proton to a carboxylic 
acid group in cytochrome c will be less favorable than 
the addition of a proton to acetic acid (pKa 4.75) 
because the protein already possesses a net charge of 
~9. The pKas of the side chain carboxylic acid groups 
of aspartic and glutamic acids are 3.86 and 4.25, re- 
spectively. The pKas of the carboxylic group of lysine, 
histidine, and arginine (pKa 2.18, 1.82, and 2.17, 
respectively) may be guides to the approximate acid- 
ity of the most acidic protons on small acids which 
have a net charge of + 1. 
The protonation of lysine (pKa 2.18) at low pH 
(z = + 1 to z = + 2) is illustrated as follows: 
+ 7 H+ + “i” 
NHs-(CF&- C-COO- 
31 
N H,-(CH,),- y-COOH 
Note also that, at a pH equal to the pKa (2.18), the 
two charged species of lysine will coexist in solution 
at a 1:l ratio. The distribution of coexisting, multiply 
charged ions of protein in aqueous solution is an 
extrapolation of this very simple case. 
Aqueous Solution EquiZibrium Model for the Ion 
Abundance Pattern of Cytochrome c 
The electrostatic repulsion between a charged protein 
and an approaching proton reduces the pKas of any 
remaining acidic groups. The magnitude of this de- 
crease has been estimated [28-301. The activity coef- 
ficient for a charged species is given by: 
lny = z% (2) 
220 GUEVREMONT ET AL. J Am Sot Mass Spectrom 1992, 3, 216-224 
800 950 
Mass/Charge 
800 950 
Mass/Charge 
950 
Mass/Charge 
I 
d 
500 BOO 950 
Mass/Charge 
Figure 3. Ion abundances prohles of multiply charged myoglobin: Experimental conditions 
corresponding to each data set and the parameters (acid-base solution equilibria) used to calculate 
theoretical profiles are shown in Table 1; plots a, b, c, and d correspond to data set D, E, F, and G, 
respectively. (A) Experimental results; (+) prohles calculated using the acid-base equilibrium 
model and pK,,, of 3.8; (A) additional theoretical prohles using pK,,, and weighting as shown in 
Table 1; (0) sum of profiles. 
where y is the activity coefficient, .z is the charge on 
the species, and w is a term related to the dimensions 
of the ions, the dielectric constant of the medium, and 
to the ionic strength of the solution. The pKa of 
multiply charged species may be adjusted using these 
activity coefficients to yield: 
From eq 3, it is apparent that the size of the 
correction term is a function of the charge on the 
species. After rearrangement of eq 3, it is possible to 
show that the (electrostatic only) change in pKa with 
each increase of one positive charge is: 
-2w 
*P& = 2.303 
In a more extensive treatment of the acid-base chem- 
istry of the protein as a polycarboxylic species, the 
acid dissociation of the xth carboxylic site may be 
described [29] by 
m-x+1 
pK,=pK,O-0.868w(n-x+0.5) -log ___ ( 1 X (5) 
wherein 
e2 
bc- 
2ekT 
and m is the number of carboxyl groups, tl is the 
number of basic sites, a is the distance of closest 
approach of the ions, b is the charge interaction term 
of Bjerrum [28], r is the distance separating the pro- 
ton from the charge of the protein in the theory of 
Bjerrum, and K is the function of ionic strength in the 
Debye-Hiickle theory. The intrinsic acid dissociation 
constants (pK,) of aspartic acid and glutamic acids are 
- 4.0 and 4.5, respectively [31]. 
From pH titration data [25, 32-341, the acid dissoci- 
ation constants of cytochrome c can be estimated by 
using the methods described above. More complex 
models have recently been described [35, 361. 
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The titration data reported for cytochrome c [25, 
33, 341 show that the rate of change of the charge (z) 
on the protein is - 6.5 per pH unit from below pH 3 
to over pH 4 (linear within this pH range). The data 
also show that the net charge on the protein is - + 11 
at pH 4 and + 17 at pH 3. Given that cytochrome c 
contains 13 carboxylic sites (Asp and Glu), and that 
the intrinsic pKas of the two heme propionic sites are 
4.8 and 5.4, respectively [33], it is evident (based on 
titration data between pH 3 and pH 4) that the first 
carboxylic group to be protonated has a pKa of 4.0 
@K,) and that each subsequent group has a pKa of 
- 0.15 unit lower (this decrease is a linear series 
within the pH range considered here). The pKas of 
the 13 (Glu and Asp) sites are therefore 4.0, 3.85, 3.7, 
etc., with the most acidic site having a pKa of - 2. 
The treatment of Linderstrem-Lang, eq 5 above, 
and the titration data below pH 3, suggest that the 
pKas of the most acidic sites are considerably (at least 
0.5 units) lower than the estimate described above. 
However, because of the limited pH range used dur- 
ing acquisition of the electrospray spectra described in 
thii report, and because of the inherent limitations in 
the accuracy of pH titrations below pH 3, a more 
accurate treatment at very low pH is not warranted in 
this report. 
The distribution of the multiply charged ions of 
cytochrome c can be calculated using the pKas of the 
carboxylic acid groups and the bulk solution pH. 
Figure 2 illustrates a comparison of the shape of the 
experimental electrospray ion abundance pattern, and 
the distribution of multiply charged protein ions cal- 
culated on the basis of the pKas of the carboxylic 
groups determined from titration data as described 
above. The pH of the solutions used for acquisition of 
the electrospray spectra and the pH values used to 
calculate the distributions appear in Table 1. The dis- 
crepancy between the experimental (electrospray) pH 
and the pH used to calculate the distribution could be 
a result of the shift of the distribution by other pro- 
cesses at work during the eIectrospray experiment, 
including evaporation of the solvent and/or volatile 
acids. The effect of one function, namely the ion 
transmission efficiency through the quadrupole mass 
spectrometer is considered below. Such functions may 
shift the distribution to appear as if it originated from 
a solution at a pH different from that experimentally 
determined for the bulk aqueous solution. However, 
it is important to note that although the position of 
the centroid cannot be quantitatively calculated at this 
time, the shape and width of the distribution will not 
be significantly m&tied by such functions. 
Aqueous Solution Equilibrium Model for the ion 
Abundance Pattern of Myoglobin 
Myoglobm (equine skeletal muscle) has 23 acidic 
groups including the carboxyl terminus and the heme 
group (excluding ammo acids containing -CONH, 
side chains), and 33 basic amino acids including the 
amino terminus. At neutral pH, it is believed that two 
histidine residues are involved in heme binding [24]. 
However, the electrospray spectra reported here have 
been acquired under conditions (low pH, aqueous 
methanol mixtures) wherein the labile heme has sepa- 
rated (note the presence of m/z 616 in Figure lb) 
from the protein, and the maximum charge which the 
protein can acquire will therefore be + 33. 
The ion abundance pattern of myoglobin is more 
complex than that of cytochrome c in that under some 
experimental conditions it appears to be a sum of two 
distribution functions. (Cytochrome c will also exhibit 
this dual function distribution in solutions containing 
little methanol and/or acid, but not under the experi- 
mental conditions employed in this report.) Bimodal 
ion abundance distributions have been attributed to 
changes in the conformation of the protein in solution 
[17-191. 
The equilibrium model for the ion abundance pat- 
tern of myoglobm is constructed in exactly the same 
manner as that for cytochrome c. The pH titration 
data for sperm whale myoglobin [34, 37, 381 shows 
that the linear rate of change of net charge (z) on the 
protein is - 9.5 per pH unit within the range from 
pH 3 to pH 4. This indicates that the pKas of the 
carboxylic groups are separated by - 0.105 units (tin- 
ear in the appropriate pH range). The net charge on 
the horse muscle myoglobin is expected to be - +ll 
at pH 4 and +20 at pH 3. This match to the titration 
data is possible if the pKa of the first carboxylic group 
to be protonated is taken to be 3.8. The subsequent 
pKas are therefore - 3.7, 3.6, 3.5, etc. Note that the 
pK, is lower than that reported by Nozaki and 
Tanford [31], and lower than that observed for cy- 
tochrome c as described in the previous section. This 
difference, however, is not significant. The intrinsic 
pKas reported by Marini and Martin [39] were 3.8 for 
glutamic acid and 3.0 for aspartic acid, in a model of 
the titration of cytochrome c in which the electrostatic 
repulsion factor w (eq 2) was determined to be zero. 
Figure 3 illustrates the comparison of the distrrbu- 
tion of multiply charged ions in the electrospray spec- 
tra of myoglobm, and the distribution of preformed 
protein ions in the bulk solution. Table 1 summarizes 
the experimental and calculation parameters used for 
this figure. Under some conditions the experimental 
ion abundance profiles for the electrospray mass spec- 
trum of myoglobin cannot be matched with a single 
set of pKes calculated in the manner described above. 
These electrospray results suggest that the data are a 
superimposition of two distribution functions. Figure 
3, b and c, illustrates this situation. For illustrative 
purposes, the two theoretical profiles are calculated 
based upon differing pK, values, one set based on 
an intrinsic pKa of 3.8, and the second based on an 
intrinsic pKa of - 3.3. In all other regards (aqueous 
solution pH and change of pKa per carboxylic site) the 
models are identical. It should be pointed out that the 
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second pK, values were not calculated from the pH 
titration data. However, titration data [37] strongly 
suggest that myoglobin exists in more than one con- 
formation in solution, particularly from pH 4 to pH 5 
wherein denaturation of the protein is apparent. 
We note here that, from a mathematical point of 
view, two possible explanations of the overlapped 
distributions noted above for myoglobin should be 
considered. These are experimentally indistinguish- 
able at this point. First, the solution may be composed 
of two forms of myoglobin, but in different three-di- 
mensional configurations with one being more com- 
pact than the other. The result would be a set of 
unique pKa values for each configuration since the 
electrostatic environment of the states is substantially 
different. The mass spectra would simply reveal the 
sum of the two distributions. Second, myoglobin may 
possess two sets of carboxylic acid moieties with 
clearly different properties. From a strictly mathemati- 
cal point of view, the observed data can be explained 
by two series of pKas which differ only in the spacing 
between the pKas of consecutive dissociations. If the 
aqueous solution pH is similar to the pKa where the 
transition between the two series occurs, then non- 
symmetrical profiles such as seen in Figure 3, b and c, 
will be observed. 
500 650 800 950 
Mass/Charge 
,100 ,250 
Fip;ure 4. Effect of ion transmission efficiencv on the abun- 
da&e profile of cytochrome E: (A) Experimenial results (data 
set A, Table 1); (+) calculated profle at pH 3.45; (0) calculated 
profile at pH 3.45 with a transkission k-off of a factor of 60 
per 200 m/z units. 
ratio (as shown in Figure 4), and once again match the 
experimental data in the manner shown in Figure 2a. 
Mass Spectrometer Ion Transmission Function 
The ion transmission efficiency of a quadrupole mass 
spectrometer is a function of mass. The transmission 
roll-off of a SCIEX TAGA instrument of this type has 
been estimated [40] to be over an order of magnitude 
per 200 m / 2 units. 
Because of the strong bias of the mass spectrometer 
transmission function, it is reasonable to expect that 
distortion of the relative abundances of multiply 
charged ions in an electrospray spectrum could occur, 
especially since these distributions often span several 
hundred mass to charge units. Bias of this type will 
make it d&cult to quantitatively match the centroid 
of ion abundance profile observed in the spectrum, to 
the centroid of the abundances of preformed multiply 
charged ions in aqueous solution. The effect of the 
mass spectrometer transmission efficiency function is 
to shift the apparent centroid of the ion distributions 
toward lower mass. 
Since all of the ions shown in Figure 4 have mass- 
to-charge ratios higher than 500, the mass spectrome- 
ter ion transmission efficiency function is monotonic 
decreasing at an approximately exponential rate. Un- 
der these conditions the centroid of the ion abun- 
dance profile is altered, but the fundamental shape of 
the ion distribution remains unchanged. From a 
mathematical point of view, the transmission roll-off 
modifies the ion abundance profile, but in such a way 
that the new profile may be described by a change in 
parameters in either the equilibrium model or the 
Gaussian distribution model. The existence of mass 
spectrometer transmission roll-off, therefore, does not 
contradict or conflict with the hypothesis that the 
basic shape of the ion abundance pattern is controlled 
by the aqueous solution chemistry of the proteins. 
Mathematical Consequences of the Eficiency of Ion 
Formation in Electrospray 
Figure 4 illustrates the ion abundance profile for 
the set of experimental data for cytochrome c (pH 3.0, 
HCI) shown in Figure 2a. The pH used to calculate 
the theoretical ion abundances in Figure 2a was 3.10, 
but in Figure 4 the ion abundances were calculated 
using pH 3.45. This results in a profde that has been 
shifted to higher mass-to-charge ratio values. How- 
ever, if a mass spectrometer roll-off function of a 
factor of 60 per 200 m/z units (measured [40]) is used 
to modify this calculated ion abundance protie, the 
resulting prohle will shift to a lower mass to charge 
The efficiency of the formation (e.g., ion evaporation 
from solution) of a particular ion, in electrospray, may 
be dependent on such factors as the magnitude of the 
charge to mass [ll] (or perhaps charge to volume) 
ratio of the ion. This would introduce a bias favoring 
formation of a series of ions which had the appropri- 
ate characteristics, and inhibit formation of ions which 
fall outside of this “most favored” set of parameters. 
Such a function would mathematically be described as 
an ion “formation efficiency envelope,” which would 
be superimposed upon the other functions described 
above (acid-base chemistry, spectrometer transmis- 
sion roll-off, etc.). What impact would this “en- 
velope” have on the observed eIectrospray spectrum? 
The shape of the ion abundance pattern in the electro- 
spray spectrum would only be controlled by such an 
envelope if the width of the envelope (distribution of 
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ions favored by .the envelope) is approximately equal 
to, or narrower than, the distribution of multiply 
charged ions controlled by acid-base chemistry. If the 
ion formation efficiency envelope is wide, then the 
measured ion distribution in the electrospray spec- 
trum will be controlled by the narrowest function, 
namely the acid-base controlled ion distribution pat- 
tern. If the experimental conditions are modified to an 
extent that there is a mismatch between the ions 
existing in solution, and the ions favored by the 
envelope, the abundance of electrospray ions (and the 
total ion current) will decrease. The shape (and width) 
of the spectrum will be controlled by the narrowest 
active distribution function. The distriition of ions 
experimentally observed in the electrospray spectra 
appear to be similar in width to the distribution c&u- 
lated by bulk solution acid-base chemistry. 
from the droplet, increasing the concentration of elec- 
trolytes. Furthermore, volatile acids such as acetic and 
formic acid will evaporate. The tinal droplet pH will 
depend on the quantity and nature of the acid used to 
adjust the pH of the bulk solution. 
Third, the droplet will not be homogeneous. Since 
the droplet will possess an electric charge, the elec- 
trolytes in the droplet will migrate in such a way to 
distribute the excess charge in the most electrostati- 
cally favorable manner, probably at the droplet sur- 
face. In the case of positively charged droplets, this 
will probably mean that hydrated protons, and sur- 
face-active cations, will preferentially migrate to the 
droplet surface. Ion desorption and/or Rayleigh divi- 
sion may then be a mechanism or mechanisms 
whereby the droplet can alleviate the charge built up 
111, 44. 
” 
The processes described above will alter the aque- 
ous so&ion chemistry of the droplet, and particul&y 
the droplet surface, in such a way that it may be 
solution. 6ionotonic biases such as the lass spec- 
sieticantlv different from that of the orieinal bulk 
trometer transmission function, and others that re- 
main to be identihed, skew the mass spectrum but do 
not change the global picture. The purpose of the 
present discussion is to consider the physical and/or 
chemical processes that control the shape of the ion 
abundance profile in electrospray mass spectrometry, 
rather than to predict quantitatively the ion abun- 
dances from measured physical parameters. These 
processes appear to originate from the aqueous solu- 
tion chemistry of proteins. 
Aqueous Solution Chemistry of the Droplet during 
The electrospray spectra of proteins are usually more 
Electrospray and Evaporation 
easily acquired in mixtures of methanol and water 
than in aqueous solution alone. The acid-base chem- 
lstry of proteins in water-methanol mixtures will devi- 
ate from that in pure water. It is also anticipated that 
the conformational changes of proteins in these mix- 
tures will deviate considerably from that of water. The 
acid-base chemistry of some acids in water-methanol 
mixtures have been considered [41, 421. A detailed 
evaluation of the protein ion distribution in the pres- 
ence of methanol must be considered in the future, 
but at this time is beyond the scope of this work. 
current from the probe into the bulk aqueous solution 
within the probe (as long as a high enough potential 
difference exists between a portion of liquid inside the 
capillary and the capillary wall itself). These effects 
will be most significant near the tip of the capillary, 
wherein the solution is influenced by fhe high electric 
field, yet also remains in electrical contact with the 
capillary and/or the solution within the capillary. This 
flow of protons translated into a decrease in the ap- 
parent pH of the droplets. 
During the electrospray process, the aqueous solu- 
tion undergoes many changes in the zone near the 
probe tip. These changes can alter the concentration 
of components in the solution. Fit, the high electri- 
cal field at the capilIary tip will induce iori migration 
during the time which the solution is in electrical 
contact with the probe or with the conductive solution 
inside it. The hydrated proton, with very high mobil- 
ity in solution [43], may migrate to an extent that 
significantly changes the composition of the droplet. 
As well, protons will be formed via the electrolysis of 
water, and will act to carry some of the electrical 
of these functions serves to modify the m&n and 
width of the ion abundance pattern, but does not 
change. its basic mathematical description. For exam- 
ple, if the ion abundance pattern is controlled by the 
aqueous solution chemistry, the quadrupole roll-off 
function will modify the apparent position of the 
function on the mass-to-charge ratio scale, but not the 
shape of the function itself. 
Conclusions 
The ion abundance profiles observed in the electro- 
spray mass spectrum of proteins can be described by 
one or more superimposed Gaussian distribution 
functions. Such functions describe many common 
physical phenomena. We suggest that the ion abun- 
dance profiles may reflect the abundances of pre- 
formed, multiply charged species in aqueous solution. 
Because other functions, including the transmission 
decay of a quadrupole mass analyzer, can also be 
descrllwd as exponential functions, superimposition 
The aqueous solution chemistry model for the ion 
abundance pattern is attractive because it provides a 
simple physical model for the observed data. The 
model must pass several tests for consistency. It must 
first agree with known solution chemistry of the pro- 
teins. The ion abundance profdes of more than one 
Second, the aqueous solution chemistry will change 
during droplet evaporation. A volatile organic sol- 
vent, if present, will evaporate preferentially, with 
cooling of the droplet. The solvent will evaporate 
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protein, over a range of experimental conditions must 
be described with a consistent set of parameters. 
Known functions that must be superimposed on the 
aqueous solution chemistry model, including the 
quadrupole ion transmission function, should not re- 
sult in predictions inconsistent with the observed mass 
spectra. These conditions have all been met by the 
aqueous solution model. 
Many processes contribute to the ion abundance 
profiles in electrospray mass spectrometry of proteins. 
We list only a few possibilities: aqueous solution 
chemistry, kinetics of ion desorption, efficiencies of 
gas phase ion formation, ion transmission into the 
vacuum, desolvation and declustering, and transmis- 
sion efficiencies of electrostatic optics and quadrupole 
mass filters. We suggest in the present discussion that 
the fundamental origin of the ion abundance profile 
observed in electrospray is controlled by the concen- 
tration of preformed ions in aqueous solution. If the 
other functions modify this original pattern, either by 
exponential monotonic increasing or decreasing func- 
tions, or with wide “ion formation efficiency en- 
velopes, ” then the final ion abundance pattern ob- 
served in the mass spectrum will retain the original 
abundance pattern imposed by aqueous solution 
chemistry. The distribution of preformed ions in 
aqueous solution appears to be the most important 
factor determining ion abundance pattern in the elec- 
trospray mass spectrometry of proteins. 
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